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Melanocytes are pigment-producing cells that origi-
nate from the dorsal portions of the closing neural
tube in vertebrate embryos. Similar to neurons, they
are derived from pluripotent neural crest cells that
differentiate into numerous cell lineages. The devel-
opment of melanocytes and neurons, as well as their
differentiated function, within the mature tissue, is
influenced by signaling molecules produced by
neighboring cells. The same signaling molecules that
have a role in the central and peripheral nervous
tissue also have a role in cutaneous melanocytes.
These include Wnt, bone morphogenetic proteins,
endothelins, steel factor, hepatocyte growth factor,
fibroblast growth factors, and neurotrophins. Signal-
ing pathways including PKC- and p53/p73-dependent
pathways are also common to melanocytes and
neurons. The similarity between melanocytes and
neurons suggests that melanocytes could provide a
valuable model for studies of diseases that affect
the nervous system, as well as for development of
potential therapies for these diseases.
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INTRODUCTION
Melanocytes are pigment-producing cells that originate from
the dorsal portions of the closing neural tube in vertebrate
embryos (Quevedo and Fleischmann, 1980). They are
derived from pluripotent neural crest cells that display
extraordinary plasticity and have been nicknamed the
‘‘fourth germ layer’’ (Hall, 2008). The neural crest cells
differentiate into numerous cell lineages, including neurons
(Norr, 1973; Holbrook et al., 1989; Westerhof, 2006).
A comprehensive control of molecular switches and gradient
signaling from the developing target tissues is required
to allow these cells to differentiate into a wide range of
cell types, some of which retain stem cell characteristics
(Murphy et al., 1997).
Progenitor melanocytes migrate dorsolaterally between
the mesodermal and ectodermal layers to reach their final
destinations in the hair follicles and in the skin where they
extend dendritic processes, which allow them to commu-
nicate with surrounding keratinocytes (KC; Holbrook et al.,
1989; Christiansen et al., 2000). In a striking similarity to
melanocytes, neuronal precursors migrate from the neural
tube to their final destination in the brain and peripheral
tissues where they sprout an outgrowth of axons and
dendrites, allowing their communication with each other
and surrounding cells.
The development of melanocytes and neurons, as well as
their differentiated function within the mature tissue is
influenced by signaling molecules produced by neighboring
cells. The same signaling molecules that have a role in the
central and peripheral nervous tissue also have a role in
cutaneous melanocytes, illustrating the similarity between
melanocytes and neurons, and suggesting that melanocytes
could provide a valuable model for studies of diseases that
affect the nervous system, as well as for development of
potential therapies for these diseases. In this review, we
discuss signaling molecules, and signaling pathways
shared by melanocytes and neurons, and the potential for
melanocytes to serve as models of Alzheimer’s disease (AD;
Table 1).
SIGNALING MOLECULES
Wnt
Wnt is a family of 16 different secreted cysteine-rich
glycoproteins that bind Frizzled, a transmembrane heptahe-
lical G protein–linked receptor (Liu et al., 2001). Wnt is
expressed in the dorsal neural tube during neural crest cell
migration and directs the maturation of pluripotent neural
crest cells into their different lineages. In melanocyte
precursors, Frizzled activation induces the transcription of
microphthalmia-associated transcription factor (Grimes and
Jope, 2001), leading to melanoblast differentiation into
melanocytes through the transcriptional induction of three
melanogenic enzymes: tyrosinase, tyrosinase-related protein-1,
and dopachrome tautomerase, also termed tyrosinase-
related protein-2 (Goding, 2000). Similarly, in the nervous
system, Wnt is involved in early patterning of the central
nervous system, directing progenitor neuronal cells into
assuming either caudal or rostral neuronal characteristics,
thus leading to their final differentiated morphology and
defining their specific neurotransmitter content (Muhr et al.,
1997). In the central nervous system, Wnt appears to function
also as a mitogen or as a survival factor, regulating neuronal
growth (Ikeya et al., 1997). Although not characterized
specifically as a survival factor for melanocytes, by inducing
& 2012 The Society for Investigative Dermatology www.jidonline.org 835
REVIEW
Received 1 July 2011; revised 13 August 2011; accepted 24 August 2011;
published online 8 December 2011
1Department of Dermatology, Boston University School of Medicine, Boston,
Massachusetts, USA
Correspondence: Hee-Young Park, Department of Dermatology, Graduate
Medical Sciences, Boston University School of Medicine, 72 East Concord
Street, Boston, Massachusetts 02118, USA. E-mail: hypark@bu.edu
Abbreviations: AD, Alzheimer’s disease; bFGF, basic fibroblast growth factor;
BMP, bone morphogenetic protein; ET, endothelin; HGF, hepatocyte growth
factor; KC, keratinocyte; NGF, nerve growth factor; NT, neurotrophin
microphthalmia-associated transcription factor, a recognized
survival factor for melanocytes (Widlund and Fisher, 2003),
Wnt may be viewed as a survival factor for the latter as well.
Bone morphogenetic proteins
Bone morphogenetic proteins (BMPs) include more than 20
secreted disulfide-linked dimeric proteins that belong to the
transforming growth factor-b family of secreted growth
factors (Botchkarev, 2003). During embryonic development,
there is graded BMP signaling along the dorsal–ventral axis.
High BMP signaling suppresses neural crest cell differentia-
tion into melanocytes. Similarly, BMP expression suppresses
the expression of neural identity genes, thus repressing
differentiation of precursor cells into neurons (Dhara and
Stice, 2008). As Wnt and BMP appear to have opposing
effects, their coordinated expression is required for the proper
development of neurons and melanocytes (Jin et al., 2001).
Endothelins
Endothelins (ETs) are a family of peptides, 21 amino acids
long, produced via proteolysis of larger precursor molecules.
Originally identified by their vasoactive properties, they
include three members, ET1, ET2, and ET3 (Pla and Larue,
2003). ETs bind and activate heptahelical transmembrane G
protein–linked receptors EdnrA and B (Figure 1). ET3, which
is synthesized by ectodermal cells, and its EdnrB receptor are
particularly important during embryonic melanocyte migra-
tion (Pla and Larue, 2003), and their proper expression is
Table 1. Signaling molecules, their receptors, and the effect they have on melanocytes
Signaling molecule Receptor Phase Melanocytes Neurons
Wnt Frizzled Development MITF transcription
Survival
Differentiation
Neurotransmitter content
Mitogen/survival
Bone morphogenetic proteins (BMPs) BMP receptors Development Anti-differentiation Anti-differentiation
Endothelin 1 EdnrA Adult DNA repair
Hydrogen peroxide decrease
Anti-apoptotic
Survival
Endothelin 3 EdnrB Development Migration
Survival
Anti-differentiation
Migration
Steel factor c-Kit Development
Adult
Migration
Melanogenesis
Survival
Differentiation
Neurogenesis
Spatial cognition
Fibroblast growth factors (FGFs) FGF receptors Development
Adult
Mitogen
Survival
Proliferation
Differentiation
Axon guidance
Maintenance
Survival
Sprouting
Plasticity
NGF synthesis
Hepatocyte growth factor Met Development
Adult
Proliferation
Differentiation
Cadherin receptors
Chemoattractant
Survival
Differentiation
Axon growth
Survival
Nerve growth factor p75NTR/TrkA Development
Adult
Survival
Anti-apoptotic
Chemoattractant
Dendricity
Survival
Survival
Cognition
Neurotrophin 3 p75NTR/TrkC Development
Adult
Survival Survival
Differentiation
Brain derived neurotrophic factor p75NTR/TrkB Development
Adult
Survival
Differentiation
Survival
Neurotrophin 4 p75NTR/TrkB Development
Adult
Survival
Differentiation
Survival
Semaphorins b1 integrin
Plexin
Neuropilin
Adult
Development
Spreading
Dendricity
Synapse function/maintenance
Axonal guidance
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required for embryonic melanocyte survival during their
migration to the developing ectoderm.
In the nervous system, ETs are important for the enteric
portion of the peripheral nervous system. Similar to melano-
cytes that migrate to the skin and hair follicles, the enteric
nervous system is composed of cells that migrate to the bowel
from the neural crest (Gershon, 1999). Neural crest–derived
precursor neural population is multipotent when it reaches
the bowel, and it is the microenvironment of the bowel that
influences the direction of their final differentiation. By
binding and activating EdnrB, ET3 inhibits premature
differentiation of these precursor cells before they reach their
final destination in the bowel. Thus, ET3 is important both for
migration of neural crest cells to their target tissue and for
preventing their premature terminal differentiation. Indeed,
defects in either ET3 or EdnrB receptor result in prominent
melanocyte loss and lead to the development of Waarden-
burg syndrome (Type IV) that is characterized by spotted
melanocyte loss of the skin and hair and megacolon as a
result of loss of myenteric neurons (Read and Newton, 1997).
ETs also have a role in the adult organism particularly after
injurious stimuli. The best-characterized injury to the skin is
UV irradiation. UV irradiation stimulates ET1 synthesis and
secretion from KCs, and ET1 displays photo-protective effects,
enhancing thymine dimer repair in melanocytes, decreasing
the level of UV-induced hydrogen peroxide in the cells, and
inducing the level of anti-apoptotic proteins (Kadekaro et al.,
2005; Abdel-Malek et al., 2006). Similarly, in the brain, ET1
synthesis and secretion are induced by injury such as
inflammation and/or by exposure to neurotoxic reagents
(Luo and Grammas, 2010). Under such injurious conditions,
pretreatment with ET1 significantly increases neuronal
survival, rendering ET1 a survival factor for neurons.
Steel factor
Steel factor (also known as mast/stem cell factor, Kit-ligand,
and CD117) is a cytokine that binds to the c-Kit receptor
(Figure 2). It can exist both as a transmembrane protein and as
a soluble protein (Ashman, 1999). Steel factor is expressed by
epidermal KCs, and as soon as c-Kit is expressed by precursor
melanocytes they begin their migration to their final
destination in the skin (Wehrle-Haller, 2003). Similarly, Steel
factor and c-Kit are required for the development of the
sensory nervous system (Zhang and Sieber-Blum, 2009).
Piebaldism is an autosomal dominant disorder that results
from mutations of c-Kit or steel factor and leads to failure of
precursor melanocytes to migrate to the skin and survive
there (Spritz, 1997; Vliagoftis et al., 1997). Affected
individuals display broad depigmented patches, most promi-
nent on the central forehead and trunk. Interestingly, the
ventral aspect of the body is more frequently affected than the
dorsal aspect, supposedly because it is the area farthest from
the dorsally located neural crest where precursor melanocyte
migration begins (Vliagoftis et al., 1997; Halaban and Hebert,
2003). Complete absence of melanocytes, as well as
abnormalities of the reproductive and hematopoietic systems
whose development also depends on steel factor/c-Kit
receptor, have been observed in mice with homozygous loss
of steel factor or c-Kit (Spritz, 1992; Mizoguchi, 2004).
Steel factor and c-Kit are also expressed in the adult
central nervous system, specifically in the hippocampus.
Steel factor is expressed in dentate gyrus neurons and their
axons synapse with pyramidal neurons that express c-Kit
receptors. Mutations in steel factor result in spatial learning
deficits (Motro et al., 1996). Furthermore, upon hypoxia,
there is increased synthesis and secretion of steel factor in the
adult hippocampus stimulating neurogenesis of neuronal
precursors (Jin et al., 2002). Similarly, steel factor is induced
by injurious stimuli to the skin, specifically UV irradiation.
By functioning synergistically with other cytokines such as
IL-3, IL-6, IL-7, IL-9, and granulocyte–macrophage colony-
stimulating factor, steel factor regulates UV-induced melano-
genesis and contributes to melanocyte survival after UV
irradiation (Imokawa et al., 2000; Hachiya et al., 2001).
Fibroblast growth factors (FGFs)
Basic FGF (bFGF, also known as FGF-2 or FGF-b) is a
member of the FGF family, named for its ability to stimulate
the growth of fibroblasts. It is a membrane-bound factor that
in skin is expressed by KCs and fibroblasts, and is thought to
Hydrogen
peroxide (M)
Survival after injury (N/M)
Thymine dimer repair (M)
Anti-apoptotic proteins (M)
Survival in
development (N/M)
Migration (N/M)
Premature
differentiation (N)
EdnrBEdnrA
ET-3ET-1
Figure 1. Endothelin1 (ET)1 binds the heptahelical transmembrane G protein–linked receptor EdnrA and ET3 binds EdnrB. After UV irradiation to the skin,
signaling from EdnrA induces photo-protective responses in melanocytes, enhancing thymine dimer repair, decreasing the level of UV-induced hydrogen
peroxide, and inducing the level of anti-apoptotic proteins. Similarly, in the brain, ET1 increases neuronal survival after injury such as inflammation or
exposure to neurotoxic reagents. ET3 and its receptor EdnrB are required for embryonic melanocyte survival during their migration to the developing
ectoderm. In the nervous system, ET3 inhibits premature terminal differentiation of precursor neurons before the latter reach their target tissue. N, neuron;
M, melanocyte.
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be activated by the action of heparan sulfate-degrading
enzymes (Halaban et al., 1988a, b; D’Amore, 1990). It binds
the tyrosine kinase FGF receptor-1 (also known as fms-related
tyrosine kinase-2 and CD331) that is expressed on melano-
cytes (Figure 3). bFGF is a potent melanocyte mitogen that
functions in synergy with cAMP stimulators (Halaban et al.,
1987, 1988a, b; Halaban, 2000). Because it lacks a secretory
signal, it is presumed to affect melanocytes through direct
cell–cell contact.
Similar to other KC-derived cytokines, it is upregulated in
response to UV irradiation (Halaban et al., 1988a, b).
Cytokines of the FGF family, particularly FGF-1 and FGF-2
(the latter also known as acidic FGF), have important roles in
the proliferation and differentiation of neuroectodermal cells
(Baird, 1994), and their receptors are abundantly expressed in
the developing nervous system (Stapf et al., 1997). FGF
expressed in target tissue has a role in axon guidance and
growth, allowing for correct wiring of the developing nervous
system (Shirasaki et al., 2006). FGF is also expressed in the
adult nervous system, suggesting a role for FGF in the
maintenance and survival of adult neurons (Oellig et al.,
1995). Indeed, the adult brain contains progenitor cells that
can be induced to proliferate in response to bFGF, and
after injury there is increased synthesis of bFGF in cells
of extracellular matrix surrounding the affected neurons
(Richards et al., 1992; Gritti et al., 1996). Accordingly,
neuronal sprouting after injury follows the increase in bFGF,
illustrating the important role of bFGF in lesion-induced
neuronal plasticity. Furthermore, bFGF enhances the effect of
other survival factors including neurotrophins (NTs). It
preserves nerve growth factor (NGF) receptor expression on
injured neurons and induces the synthesis of NGF in
surrounding astrocytes, thus enhancing neuronal survival
and allowing neurons to respond to NGF (Gomez-Pinilla
et al., 1992; Yoshida and Gage, 1992). This shows that after
injury bFGF participates in a cascade of neurotrophic events,
directly and indirectly facilitating neuronal repair and/or
promoting neuronal survival. Similar interaction between
bFGF and NTs may exist in the skin.
Hepatocyte growth factor
Hepatocyte growth factor (HGF, scatter factor) is the ligand
for the transmembrane tyrosine kinase receptor Met. In vitro
studies suggest that HGF induces precursor melanocyte
Survival/migration of embryonic precursors
Neurogenesis
Survival after injury of adult melanocytes and neurons
Melanogenesis
Steel factor
P P
c-Kit
Figure 2. Steel factor binds to the transmembrane tyrosine kinase c-Kit receptor to induce receptor dimerization. Dimerization activates the receptors, leading
to autophosphorylation followed by intracellular transduction of the signal. Steel factor is required for the proper development, survival, and migration of
embryonic melanocytes and neurons, and in the adult organism it enhances survival after injury and induces melanogenesis.
Proliferation
Neurogenesis
Sprouting
Survival after injury
FGFR
PP
FGF
Figure 3. Fibroblast growth factor (FGF) is a membrane-bound factor that is expressed by neighboring cells in target tissues. It binds the tyrosine kinase
FGF receptor (FGFR), leading to receptor dimerization and autophosphorylation. FGF is a potent melanocyte and neuroectodermal cell mitogen. In the
adult organism, it is important for the survival of melanocytes and neurons after injury; it induces cell sprouting, and enhances the effect of other survival
factors such as neurotrophins.
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proliferation and allows their differentiation into mature
melanocytes (Kos et al., 1999). It appears that HGF of KC
origin is synergistic with bFGF and cAMP elevators to induce
precursor melanocyte proliferation during embryonic devel-
opment (Hirobe et al., 2004). In addition, HGF regulates
cadherin expression in melanocytes; specifically, once
melanoblasts reach their final destination in the epidermis,
HGF modifies the expression of E-cadherin, a transmembrane
glycoprotein that facilitates the adhesion and cross-talk
between KCs and melanocytes. It is thought that coordinated
expression of E-cadherin by epidermal KCs and melanocytes
has a role in suppressing melanocyte proliferation in the
epidermis.
In the nervous system, HGF is both a chemoattractant and
a survival factor for developing neurons (Maina and Klein,
1999). In addition to increasing the survival of neurons, HGF
induces their differentiation and axonal outgrowth. HGF
displays synergy with other neurotrophic factors such as
NGF, brain-derived neurotrophic factor (BDNF), and NT3,
implying that one of the roles of HGF is to potentiate NT
effect. HGF and its receptor Met are also expressed in the
adult nervous system in which they function together with
neurotrophic factors to enhance neuronal survival both at
steady state and after injury (Jung et al., 1994; Achim et al.,
1997).
Neurotrophins
Neurotrophins including NGF (Levi-Montalcini, 1987), NT3
(Hohn et al., 1990; Maisonpierre et al., 1990; Rosenthal
et al., 1990), NT4 (Hallbook et al., 1991), and BDNF (Barde
et al., 1982; Leibrock et al., 1989) are a family of molecules
that enhance neuronal survival in the central and peripheral
nervous systems. They bind two receptors, a low-affinity
receptor common to all NTs, p75NTR, and high-affinity
receptors of the Trk family (Schecterson and Bothwell,
2010; Figure 4). The structure of p75NTR is similar to that of
the p55 tumor necrosis factor receptor and Fas, receptors that
display extracellular cysteine-rich domains and signal for
cellular apoptosis via a ‘‘death domain’’ when activated
(Wang et al., 2001). When p75NTR is activated by NTs in cells
that do not also express the high-affinity Trk receptors,
p75NTR activation leads to cell death (Casaccia-Bonnefil
et al., 1996; Frade et al., 1996). However, coordinate
expression of both p75NTR and Trk receptors lead to high-
affinity neurotrophic binding and signaling through Trk,
leading to cell survival (Teng et al., 2010).
Melanocytes express both p75NTR and the high-affinity
receptors for NGF (TrkA) and NT3 (TrkC; Yaar et al., 1994;
Botchkarev et al., 2006). Keratinocyte-derived NGF, whose
expression is upregulated by UV irradiation, is chemotactic
for melanocytes and induces their dendricity (Yaar et al.,
1991). Because of the coordinate expression of p75NTR and
Trk in melanocytes, binding of both NGF and NT3, the latter
expressed by dermal fibroblasts (Yaar et al., 1994), increases
melanocyte survival. Specifically, after UV irradiation, NGF
increases the level of the anti-apoptotic Bcl2 protein,
reducing melanocyte apoptotic cell death (Zhai et al.,
1996; Stefanato et al., 2003). Thus, in addition to other KC-
derived cytokines, NGF may help preserve the population of
cutaneous melanocytes that would otherwise be depleted by
UV irradiation.
In the nervous system, developing sympathetic neurons
require NGF to survive. Similar to melanocytes, these
neurons express both the high-affinity TrkA and the low-
affinity p75NTR, and by binding these receptors coordinately
NGF regulates the level of target innervations (Conover and
Yancopoulos, 1997; Ernsberger, 2009). BDNF is an important
regulator for the development of motor neurons, and it
rescues developing avian motor neurons from cell death
(Oppenheim et al., 1992). Through its binding to TrkB, BDNF
prevents embryonic motor neuron death and induces their
differentiated marker expression (Barbacid, 1995; McKay
et al., 1996). NT3 has a role in proprioceptive neurons, which
communicate information on limb position (Chalazonitis,
1996; Stephens et al., 2005). NT3 also supports the viability
of spinal motor neurons and promotes the survival of
sympathetic neuroblasts, the precursors to sympathetic
neurons. In addition, NT3 promotes the differentiation of
neural crest precursors into neurons (Chalazonitis, 1996).
NT4 is very similar in function to BDNF as both bind the
same TrkB receptor (Ibanez, 1996). However, target tissues
express either NT4 or BDNF, and therefore in vivo both are
Apoptosis
TrkAp75NTR
Survival
NGF
Figure 4. Nerve growth factor (NGF) binds two receptors, a low-affinity receptor common to all neurotrophins-p75NTR, and a high-affinity TrkA
receptor. Coordinate binding of NGF to both p75NTR and TrkA leads to signaling through TrkA, resulting in cell survival. However, when NGF binds
p75NTR in cells that do not express the high-affinity TrkA receptor, p75NTR activation leads to apoptotic cell death. Brown circles indicate the multiple
cysteine-rich extracellular domains of p75NTR. The rectangles on p75NTR cytoplasmic tail indicate the death domains.
www.jidonline.org 839
M Yaar and H-Y Park
Melanocytes and Neurons
used in conjunction to have appropriate neuronal growth and
development. Interestingly, NTs have important roles also in
the adult nervous system, affecting neuronal survival, axon
outgrowth, and modulating synaptic plasticity after injury
(Johnson et al., 2008; Ruff et al., 2008; Gordon, 2009; Hagg,
2009; Sieck and Mantilla, 2009). The prototypic NT NGF can
rescue cholinergic neurons that are affected in degenerative
diseases such as AD, and improve cognitive function in
impaired, aged, or injured basal forebrain neurons (Whitte-
more et al., 1991; Tuszynski, 2000; De Rosa et al., 2005;
Cuello et al., 2007). Transplantation of fibroblasts engineered
to secrete NGF was shown to slow the cognitive decline in a
phase 1 clinical trial performed on patients suffering from
mild AD (Tuszynski et al., 2005).
Semaphorins
Semaphorins belong to a class of more than 20 secreted and
membrane-bound proteins, found in both vertebrates and
invertebrates (Kruger et al., 2005), known to provide
attractive and repulsive guidance cues to cells (Bashaw and
Klein, 2010). They bind two classes of receptors: large
transmembrane proteins called plexins and the transmem-
brane neuropilin-1 and -2 receptors (Mann et al., 2007).
Keratinocytes express at least two semaphorins, 3A and
7A; the latter also binds to b1 integrin receptor. UV induces
the expression, synthesis, and secretion of semaphorin 7A in
KCs (Scott et al., 2008). Melanocytes express, in addition to
other integrins, the b1 integrin receptor (Hara et al., 1994)
and plexin C1 receptor (Scott et al., 2008). By binding b1
integrin receptor, semaphoring 7A induces melanocyte
spreading and dendricity. Conversely, binding of semaphorin
7A to plexin C1 inhibits melanocyte dendrite formation (Scott
et al., 2008).
Semaphorins are expressed in the central and peripheral
nervous systems during embryonic development, and they
have a role in axonal guidance (Mann et al., 2007). Deletion
studies suggest that semaphorin 3A and 3F are particularly
important, as their absence leads to defasciculation and
abnormal extension of certain cranial nerves and spinal
nerves, as well as abnormal patterning of dorsal root sensory
nerves (Mann et al., 2007). The function of semaphorins in
the mature nervous system is still poorly understood, but
evidence suggests that they support the maintenance and/or
function of synapses (Mann et al., 2007).
SIGNALING PATHWAYS
Several pathways are activated by signaling molecules and
damaging mediators to transduce the signal intracellularly.
Two major signaling pathways shared by neurons and
melanocytes are discussed below.
Protein kinase C (PKC)–dependent pathway
PKC is a serine/threonine kinase involved in diverse cellular
functions including growth, transformation, and differentia-
tion (Dempsey et al., 2000). PKC constitutes a family of
at least 12 isoforms that reside as inactive enzymes in the
cytoplasm. They are activated by diacylglycerol, a second
messenger signaling lipid. Receptors such as EdnrA and
EdnrB, Trk and FGF receptor, when activated, mediate
diacylglycerol cleavage from the plasma membrane, resulting
in PKC activation. In addition to receptor activation,
diacylglycerol is also released from the membrane by UV
irradiation (Matsui et al., 1996), indicating that it participates
in signal transduction during stress conditions. Once
released, diacylglycerol activates PKC and the latter induces
phosphorylation of serine/threonine residues on target
proteins. In addition, a family of adapter proteins called
receptors for activated C-kinase help in anchoring activated
PKCs to their target organelles together with other signaling
enzymes, thus assuring the correct spatial and temporal
organization of the signal (Mochly-Rosen, 1995; Mochly-
Rosen and Gordon, 1998; Dempsey et al., 2000; Schechtman
and Mochly-Rosen, 2001).
The expression of the 12 PKC isoforms varies among
different tissues, and each isoform is thought to carry out a
distinct biological function (Battaini and Pascale, 2005).
Human melanocytes express PKC-a, -b, -e, -D, and -z (Park
et al., 1994), and the PKC-b isoform is involved in regulating
the activity of the rate-limiting enzyme in melanin biosyn-
thesis—tyrosinase (Park et al., 1993, 1999). Receptor for
activated C-kinase-I is the PKC-b partner; in human
melanocytes, the activated PKC-b/receptors for activated
C-kinase-I complex translocates to melanosome membranes
allowing tyrosinase phosphorylation (Park et al., 2004).
Tyrosinase catalyzes the conversion of tyrosine to L-3,4-
dihydroxyphenylalanine and L-3,4-dihydroxyphenylalanine
to DOPAquinone, the first two steps in melanin biosynthesis.
Moreover, as a secondary messenger for Trk and Ednr
receptors (Arevalo and Wu, 2006), PKCs participate in
inducing melanocyte dendrites and in melanocyte survival
after UV irradiation (Hara et al., 1995; Park et al., 2009).
Thus, by activating tyrosinase and initiating the process of
melanin biosynthesis, as well as by allowing the development
of dendrites facilitating melanosome transfer to surrounding
KCs, PKCs participate in epidermal protection against
damage such as that imparted by UV irradiation.
Most PKC isoforms are expressed in the nervous system,
and PKC-b appears to have a critical role specifically in the
development of Purkinje cells and spinal motoneurons. As
secondary messengers to Ednr, Trk, and FGF receptor, PKCs
have a key role in neuronal survival, axonal growth, dendrite
development, and neuronal maturation (Reuss and von
Bohlen und Halbach, 2003; Kapfhammer, 2004; Arevalo
and Wu, 2006; Metzger, 2010). In addition, PKCs participate
in synaptic transmission through the modulation of ion
channels and enhancement of neurotransmitter release
(Tanaka and Nishizuka, 1994).
In the adult nervous system, PKCs are activated by
different damaging insults, particularly those that cause
oxidative stress such as ischemia, hypoxia, or inflammation,
and PKCs function as survival and regeneration factors under
these detrimental conditions (Giorgi et al., 2010).
PKCs also have a role in one of the most damaging
neurodegenerative conditions, AD. Although the exact
pathophysiology of AD is not completely elucidated, it is
generally accepted that beta amyloid (Ab), a peptide 36–43
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which is one of the main constituents of amyloid plaques, the
deposits found in the brains of patients with AD, is causally
related to neuronal loss in AD (Selkoe, 2011). PKCs are
involved in the processing of amyloid precursor protein,
which is the precursor of the Ab peptide. This precursor is
physiologically present as a transmembrane protein that can
undergo different modifications by secretase isozyme cleav-
age. The combined activity of b-secretase and g-secretase
leads to the formation of mature Ab fragments, whereas the
activity of a-secretase produces an extracellular soluble
fragment that is not amyloidogenic (Giorgi et al., 2010).
Thus, a-secretase activation has been proposed to be
protective against the development of AD, as it reduces the
amount of amyloid precursor protein available for Ab
formation (Haass and De Strooper, 1999). Interestingly,
phorbol esters, strong PKC activators, substantially enhance
amyloid precursor protein a-processing through the activa-
tion of PKC-a, the isoform that is directly involved in
a-amyloid precursor protein formation. Thus, PKC-a activa-
tion reduces Ab generation and limits the extent of Ab
deposits (da Cruz e Silva et al., 2009).
Proopiomelancortin p53–dependent pathway
The tumor suppressor protein p53 is a transcription factor
that maintains genomic stability. Cellular stresses including
DNA damage activate p53, leading to cell cycle arrest, DNA
damage repair, senescence, and/or apoptosis, depending on
the extent of the damage (Aylon and Oren, 2011).
p53 activation by injurious stimuli including UV irradia-
tion upregulates tyrosinase mRNA level and protein, enhanc-
ing melanogenesis (Eller and Gilchrest, 2000; Nylander et al.,
2000; Khlgatian et al., 2002). Furthermore, following UV
irradiation, p53 activation stimulates the transcription of
proopiomelanocortin (Cui et al., 2007), the precursor poly-
peptide for alpha melanocyte–stimulating hormone, a key
physiological inducer of melanogenesis. p53 also transcrip-
tionally upregulates hepatocyte nuclear factor-1a, a transcrip-
tion factor for tyrosinase (Schallreuter et al., 2008). Finally,
UV activates p53 via direct DNA damage (Eller et al., 1996)
and through the induction of cytosolic hydrogen peroxide, a
known activator of p53 (Vile, 1997).
In the adult nervous system, it is the posttranslational
modifications of p53 that appear to determine whether
p53 will induce apoptosis, survival, differentiation, axonal
outgrowth, or regeneration. p53 is involved in neuronal
regeneration after injury, as p53-null mice show reduced
regeneration compared with wild-type mice, and it is the
C-terminal acetylation of p53 rather than its phosphory-
lation that mediates this effect (Tedeschi and Di Giovanni,
2009).
MELANOCYTES AS MODEL SYSTEM FOR
NEUROLOGICAL DISEASES
Skin-derived melanocytes offer a model system to investigate
normal and pathological behaviors of less accessible nervous
system neurons, as they share many signaling molecules and
pathways with the latter. One example is using melanocytes
to investigate the pathophysiology of AD, a currently
untreatable disease affecting 35.6 million people worldwide
(http://www.alz.co.uk/research/statistics).
Our discovery that melanocytes, similar to neurons,
express the p75NTR, then termed the NGF receptor (Peacocke
et al., 1988), and that the NTs and their receptors enhance
melanocyte survival in skin, just as they enhance neuronal
survival in the nervous system, led us to ask whether cultured
melanocytes might provide a useful model for AD or other
disorders involving neuronal death.
NGF binding to p75NTR is mediated through amino acids
29–35—threonine-aspartic acid-isoleucine-lysine-glycine-
lysine-glutamic acid (TDIKGKE; Ibanez et al., 1992)—and it
was shown that if K in position 34 is replaced by A, the
resulting mutant NGF molecule still binds p75NTR but with a
50% lower affinity (Ibanez et al., 1992). Interestingly, amino
acid residues 28–30 of Ab, in the maximally toxic portion of
the peptide (Boland et al., 1996), are KGA, suggesting that Ab
may be a p75NTR ligand.
Indeed, using both melanocytes and neurons, we and
others showed that Ab induces apoptotic death of melano-
cytes and neurons in vitro, a result of Ab binding highly
specific to p75NTR, and that Ab effect resulted from its highly
specific binding to p75NTR (Yaar et al., 1997; Kuner et al.,
1998; Perini et al., 2002; Tsukamoto et al., 2003; Figure 5).
These findings are consistent with reports showing an age-
associated overexpression of p75NTR in central nervous
system neurons even in cortical neurons that normally do
not express this receptor (Mufson and Kordower, 1992;
Kerwin et al., 1993). Furthermore, in AD, there is decreased
expression of the Trk receptors that signal for cell survival and
other beneficial responses (Boissiere et al., 1997; Mufson
et al., 1997; Hock et al., 1998). Thus, imbalance of
expression of the apoptosis-inducing p75NTR and the survival
signaling Trk receptors together with age-associated accu-
mulation of Ab in the brain, may well lead to neuronal loss
characteristic of AD.
On the basis of these findings, we propose a possible
mechanism for the pathophysiology of AD. In neurons
expressing both p75NTR and Trk, NGF binds coordinately
p75NTR/Trk with high affinity and enhances neuronal survival
by signaling through Trk (Figure 4). However, under
conditions characterized by increased surface expression of
p75NTR and/or greatly increased levels of Ab in the
extracellular space, cell death may result from binding of
Ab to the p75NTR alone, with subsequent activation of the
apoptotic pathway.
Consistent with this hypothesis, cyclic peptides containing
the p75NTR-binding KGA motif showed that they can prevent
Ab binding to p75NTR, thus blocking Ab-induced signaling
that leads to cellular apoptosis (Figure 5). These cyclic
peptides were helpful in preventing cell death and impeding
inflammation both in vitro and in vivo in murine cortex
(Yaar et al., 2008). Thus, by using culture system of neural
crest–derived human melanocytes, we were able to add to the
understanding of AD and to propose a therapeutic interven-
tion that may prove effective for the treatment of this
neurodegenerative disorder.
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SUMMARY
Melanocytes share common embryologic origin, signaling
molecules, receptors, and signaling pathways with cells of
the nervous system. The signaling molecules include
endothelins, steel factor, hepatocyte growth factor, bone
morphogenetic proteins, FGFs, and NTs, and the signaling
pathways include PKC- and p53/p73-dependent pathways.
Together, they allow precursor melanocytes and neurons to
reach their final destination, differentiate in the target tissue,
sprout dendrites to form connections with surrounding cells,
and help in the maintenance and survival of melanocytes and
neurons at steady state and after injury. The similarity
between melanocytes and neurons makes melanocytes an
attractive model system in which to study disorders that affect
the nervous system, and may facilitate the development of
therapeutic interventions for these disorders.
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